Background: Tpl2 kinase plays an essential, non-redundant role in activating ERK during TLR signaling. Results: TLRs 2, 4, and 7 directly induce IKK␤-Tpl2-ERK signaling; TLRs 3 and 9 activate ERK indirectly via autocrine ROS signaling. Conclusion: Tpl2-dependent ROS generation drives ERK phosphorylation during TLR 3 and 9 signaling. Significance: The different contributions of Tpl2 to TLR signaling pathways influences early host defense mechanisms.
Toll-like receptors (TLRs) 2 are a major class of pattern recognition receptors that specifically detect conserved pathogenassociated molecular patterns (PAMPs) and alarm the host of an infection. TLRs are expressed either on the cell surface or within specific intracellular compartments. Cell surface TLRs (TLR1, 2, 4, 5, and 6) detect outer membrane components of microbes, whereas endosomal TLRs (TLR3, 7, 8, and 9) sense microbial nucleic acids (1) . Signals emanating from TLRs activate various intracellular signaling cascades including NFB, mitogen-activated protein (MAP) kinases, and interferon regulatory factors that collectively induce the secretion of host protective proinflammatory cytokines and interferons (1) . The magnitude and quality of this early response also regulates the initiation of adaptive responses (2) . Despite extensive research, the precise molecular mechanisms that dictate specific cellular responses to TLRs are still incompletely understood.
NFB and MAP kinase pathways are the two major signaling cascades initiated after recognition of specific PAMPs by TLRs (3) . Engagement of all TLRs activates both of these pathways, and cross-talk between them coordinates the cellular responses to external stimuli (3, 4) . One of the key regulatory molecules known to coordinate the activation of both NFB and MAP kinase pathways is the inhibitor of B kinase ␤ (IKK␤). IKK␤ is activated in response to proinflammatory stimuli, including TLRs and cytokines, and it regulates activation of NFB and MAP kinases by phosphorylating IB␣, NFB1p105, and the MAP3 kinase, Tumor progression locus 2 (Tpl2) (5, 6) .
Tpl2 is a serine-threonine kinase originally identified as a proto-oncogene and expressed in both hematopoietic and nonhematopoietic compartments (7) . Differential translation initiation of Tpl2 mRNA gives rise to 52 and 58 kDa isoforms expressed in equimolar levels in macrophages (8) . In unstimulated cells, Tpl2 is constitutively associated with NFB1p105, and this interaction is necessary for Tpl2 stability but blocks Tpl2 kinase activity (9) . Phosphorylation of p105 by IKK␤ leads to Tpl2 release (10) . IKK␤ also mediates phosphorylation of Tpl2 at threonine 290 and serine 400, which regulates Tpl2 kinase activity (5, 10 -12) . Once phosphorylated, Tpl2 transiently transduces signals but is unstable and undergoes rapid proteosomal degradation (9, 13) . The p58 isoform is preferentially released and degraded in LPS treated macrophages, since only this isoform undergoes IKK␤-mediated Thr 290 phosphorylation (5, 10) .
Early studies on Tpl2 signaling established the non-redundant role of Tpl2 in LPS-mediated activation of ERK1/2 (14) .
Tpl2
Ϫ/Ϫ mice are resistant to endotoxin-induced shock due to defective ERK-dependent TNF␣ secretion. Further studies demonstrated a cell type-and stimulus-specific role for Tpl2 in transducing signals leading to the production of a variety of immune mediators, including IL-1␤, IL-10, IL-12, and COX-2 (15) (16) (17) (18) . Because of its role in regulating expression, secretion and signaling of proinflammatory cytokines like TNF␣ and IL-1␤, Tpl2 is considered an attractive target for immunotherapy of inflammatory conditions. Several studies have examined Tpl2 regulation of signal transduction and cellular responses to diverse TLR ligands (19) . Tpl2 kinase activity and Tpl2-dependent ERK phosphorylation were demonstrated in macrophages in response to ligands of TLR2, 3, 4, 7, and 9 (19) . Moreover, ERK phosphorylation in response to LPS, TNF␣, CpG, Pam3CSK, poly I:C, flagellin, and R848 were blocked in nfkb1 SSAA macrophages which express a p105 mutant that cannot be phosphorylated by IKK␤ (20) . From these studies, it has been concluded that all TLRs similarly activate the Tpl2-ERK signaling pathway.
To better understand the molecular mechanisms utilized by different TLRs to distinguish their cellular responses, we examined the induction of proinflammatory genes and signal transduction events by diverse TLR ligands, focusing on Tpl2 signaling. Contrary to prevailing thought, we demonstrate that the signaling pathway defined by IKK␤, Tpl2, and ERK, which helps to initiate and influence the nature of the innate immune response, is differentially regulated by TLRs. Among the MyD88-coupled TLRs, TLR4 uniquely requires CD14 and the tyrosine kinase Syk for Tpl2-ERK activation. TLRs 3 and 9 do not induce Tpl2-p58 phosphorylation or early ERK activation; instead they induce delayed ERK activation that is dependent upon autocrine signaling by reactive oxygen species (ROS) generated in a Tpl2-dependent manner. These findings demonstrate a differential mechanism of ERK activation by diverse TLRs and also identify divergent signaling pathways emanating from the MyD88-dependent endosomal TLRs 7 and 9. Overall, our study provides a better understanding of signaling pathways utilized by major TLRs and also demonstrate a major role for Tpl2 in eliciting host protective immune responses, including the generation of antimicrobial reactive oxygen species.
EXPERIMENTAL PROCEDURES
Mice-Wild type (C57BL/6J), myd88
, ticam lps2/lps2 , and ifnar1 Ϫ/Ϫ mice were purchased from The Jackson Laboratory.
Tpl2
Ϫ/Ϫ mice backcrossed to C57B6/J were kindly provided by Dr. Philip Tsichlis (Tufts University) and Thomas Jefferson University. Femurs and tibiae from cd14 Ϫ/Ϫ mice were generously provided by Dr. Donald Harn (University of Georgia). Femurs and tibiae from myd88/trif double-knock-out mice (21) were kindly provided by Dr. Alan Sher (NIAID, NIH). Animals were housed in sterile microisolator cages in the Central Animal Facility of the College of Veterinary Medicine. The Institutional Animal Care and Use Committee (IACUC) of the University of Georgia approved all animal experiments.
Generation of Bone Marrow-derived Cells-Bone marrowderived macrophages (BMDMs) and dendritic cells (BMDCs) were generated from age-and sex-matched mice as described previously (16) . The cells were cultured at a concentration of 2 ϫ 10 6 /ml in DMEM low glucose medium containing 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine on sterile Petri dishes for 7 days at 37°C supplemented with 10 ng/ml macrophage colony stimulating factor (M-CSF) (PeproTech). Fresh medium equal to half of the initial culture volume containing M-CSF was added on day 5 of the culture. On day 6, after removing the medium and washing the cells with PBS, the adherent cells were incubated with cell dissociation buffer (Invitrogen) for 10 min at 37°C. The harvested cells were counted and replated in the same culture medium overnight before stimulation.
BMDCs and plasmacytoid DCs (pDCs) were generated by culture of bone marrow cells in complete RPMI (RPMI 1640 containing 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, and 50 M 2-ME). Cells were cultured with 40 ng/ml GM-CSF (PeproTech) for 7 days or 100 ng/ml Flt3 ligand (PeproTech) for 10 days for BMDCs and pDCs, respectively. For BMDCs, nonadherent cells were harvested on day 7, and CD11c ϩ cells were isolated using CD11c microbeads and MACS columns (Miltenyi Biotec). The purity of the cell population was determined to be more than 95% by flow cytometry. CD11c ϩ CD11b Ϫ B220 ϩ pDCs were sorted using a Beckman Coulter MoFlo XDP cell sorter to Ͼ98% purity.
Peritoneal Exudate Cell Isolation-Mice were injected intraperitoneally with 1 ml of 3% Brewer thioglycollate medium to recruit macrophages. After 72 h, mice were sacrificed, and the peritoneal cavity was lavaged three times with 3 ml of sterile PBS to collect recruited cells. Cells were centrifuged at 1200 rpm for 10 min at room temperature and were resuspended in supplemented DMEM.
Antibodies ) (Cell Signaling Technology). In some experiments cells were pretreated with 10 g/ml cycloheximide (Sigma-Aldrich), 100 ng/ml pertussis toxin (Sigma-Aldrich), or 20 M diphenyleneiodonium (DPI) (Sigma-Aldrich) for 30 min or 10 mM glutathione (GSH) (Sigma-Aldrich) for 10 min. To investigate ROS signaling, cells were treated with 1 or 10 mM H 2 O 2 for 1 h. To block cytokine signaling 1 g/ml of anti-TNF␣ (R&D Systems) or anti-IL-1␤ (BD Pharmingen) was used.
Cell Stimulation and Measurement of Cytokines-Bone marrow-derived cells or PECs at 1 ϫ 10 6 /ml concentration were stimulated with Pam3CSK4 (1 g/ml), poly I:C (10 g/ml), ultrapure LPS from Escherichia coli 0111:B4 (1 g/ml), R848 (1 g/ml), CpG ODN2395 (10 -25 g/ml, as noted), or CpG ODN1668 (0.5-1.5 M). CpG ODN2395 was used in all experiments except Fig. 2C , in which CpG ODN1668 was used for comparison. All TLR ligands were purchased from Invivogen.
Cell culture supernatants were collected at different time points after stimulation, and TNF␣, IL-10, and IFN␤ levels were measured by ELISA (eBioscience, PBL Interferon Source). Alternatively, BMDMs were directly stimulated with the following cytokines: rmTNF␣ (10 ng/ml; eBioscience), rmIL-1␤ (10 ng/ml; eBioscience), rmIFN␣ A (2000 IU/ml; R&D Systems), or rhIFN␤ (10 ng/ml; Peprotech).
Analysis of mRNA Expression-BMDMs stimulated with various ligands were washed with PBS after collecting supernatants, and cell lysates were prepared using TRK lysis buffer (Omega BioTek). RNA was extracted using a Total RNA Kit (Omega Bio-Tek). Real time PCR was performed after synthesizing cDNA using High capacity cDNA Reverse Transcription kit (Applied Biosystems).
, and actinb (4352341E-1112017) were determined by real-time PCR (Applied Biosystems). RT-PCR reactions were performed in microAmp Fast plates (Applied Biosystems) using SensiFAST Probe Hi-ROX kit (Bioline) and a StepOnePlus RT-PCR machine (Applied Biosystems). Relative gene expression levels were calculated by normalizing the Ct levels of target gene to both endogenous actin levels and an unstimulated WT control using the ⌬⌬Ct method.
Protein Analysis-Cell lysates were prepared in protein lysis buffer (0.5% Triton X-100, 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 2 mM EDTA, 0.4 mM Na 3 VO 4 , 2.5 mM aprotinin, 2.5 mM leupeptin, and 2.5 M nitrophenyl p-guanidinobenzoate), and protein concentrations were measured using a BCA kit (Pierce). Approximately 20 g of denatured proteins were separated on 4 -12% gradient gels (Invitrogen) under reducing conditions and were transferred to PVDF membranes using the iBlot Gel Transfer system (Invitrogen). Membranes were probed with various antibobies followed by horseradish peroxidase-labeled secondary antibodies. Protein bands were visualized by enhanced chemiluminescent reagent (Lumigen) and Amersham Biosciences Hyperfilm ECL (GE Healthcare). In some experiments, images were acquired using a Fluorchem Hd2 imaging system (Alpha Innotech Corp.).
Confocal Microscopy-BMDMs plated on chamber slides (Lab-Tek) were treated with poly I:C (10 g/ml), CpG ODN2395 (10 g/ml) or LPS (1 g/ml) for 1 h. Cells were washed and fixed in 3.7% paraformaldehyde solution at 37°C for 30 min. Fixed cells were incubated in blocking buffer (1% BSA in PBS) for 30 min, followed by a 1 h incubation with primary antibody (NFBp65, 1:100 dilution, Cell Signaling Technology) followed by a fluorochrome-conjugated secondary antibody and a DAPI nuclear counterstain. Images were acquired using a Nikon A1R confocal microscope.
Measurement of Intracellular ROS-1.5 ϫ 10 5 BMDMs plated in clear bottom, white plates were washed, and 100 l prewarmed (37°C) assay medium containing HBSS, 100 g/ml superoxide-specific lucigenin and stimuli were added. Cells were either left untreated or stimulated with poly I:C (25 g/ml), CpG ODN2395 (25 g/ml), LPS (1 g/ml), or phorbol myristate acetate (PMA) (50 ng/ml). Chemiluminescence was followed for 60 min in a Varioskan Flash microplate luminometer. Integrated luminescence units indicative of superoxide production during the entire measurement were calculated and expressed as relative units (RU).
Statistical Analysis-Data are represented as the mean Ϯ S.D. or S.E., as indicated. p values were determined by twotailed Student's t test or paired Student's t test.
RESULTS

Early Induction of Proinflammatory Gene Expression and Secretion of TNF␣ and IL-10 Are Restricted to a Subset of
TLRs-To better understand how Tpl2 regulates early innate responses induced by diverse TLR ligands, we measured the expression of various proinflammatory genes including il12b, il6, tnf␣, ccl2, and ccl5 as well as anti-inflammatory il10 in WT and tpl2 Ϫ/Ϫ BMDMs stimulated with Pam3CSK4 (TLR2), poly I:C (TLR3), LPS (TLR4), R848 (TLR7), and CpG (TLR9) for 1 h. Even at this early time point, induction of most genes was observed in response to TLR2, 4, and 7 ligands, but not in response to TLR3 and 9 ligands (Fig. 1A and data not shown). Of these cytokines, only TNF␣ and IL-10 were secreted by 1 h after stimulation ( Fig. 1B and data not shown). TLR2, 4, and 7 stimulation induced high levels of TNF␣ and IL-10 production, and their secretion was significantly less or undetectable in Tpl2-deficient BMDMs (Fig. 1B) . On the contrary, neither TLR3 nor 9 stimulation induced secretion of TNF␣ or IL-10, despite modest induction of both at the mRNA level. To determine whether cytokine secretion occurred with delayed kinetics in poly I:C-and CpG-treated cells, TNF␣ levels were measured at different time points. Significant induction of TNF␣ was observed in response to poly I:C and CpG by 2 h poststimulation, although the levels were less compared with LPS-treated cells (Fig. 1C) . However, by 24 h, both CpG and poly I:C induced high levels of TNF␣, comparable to that induced by LPS stimulation. TNF␣ secretion was significantly impaired in tpl2 Ϫ/Ϫ cells at all time points confirming the critical role of Tpl2 in regulating TNF␣ production (Fig. 1C ). This differential induction of early proinflammatory gene expression and secretion of TNF␣ and IL-10 suggested the possibility of immediate activation of an inflammatory signaling cascade downstream of a restricted set of TLRs.
Signaling by TLR3 and 9 Fails to Induce Tpl2-p58 or Early ERK Phosphorylation-The MAP kinase ERK is activated in response to TLRs and mediates both transcriptional and posttranscriptional regulation of many immune mediators, including TNF␣ and IL-10 (14, 17). Tpl2 plays a critical role in TLRmediated ERK activation and regulates TNF␣ production by promoting both nucleocytoplasmic transport of TNF␣ mRNA and processing of pre-TNF␣ by TNF␣-converting enzyme (14, 22) . Since early TNF␣ secretion was abolished in WT BMDMs in response to TLR3 and 9 ligands despite transcriptional induction, we investigated whether the Tpl2-ERK TNF-processing pathway was differentially activated by these TLRs. BMDMs from WT and tpl2 Ϫ/Ϫ mice were stimulated with Pam3CSK4, poly I:C, LPS, R848 and CpG, and both Tpl2 activation and ERK phosphorylation were assessed by immunoblotting. We observed decreased mobility of Tpl2-p58, consistent with phosphorylation (10), at early time points following Pam3CSK4, LPS, and R848 stimulation ( Fig. 2A) . Tpl2-p58 was completely degraded by the proteosome within 1 h of stimula-tion with the same ligands that induced Tpl2 phosphorylation (Fig. 2B) . Surprisingly, neither the TLR3 ligand poly I:C nor the TLR9 ligand CpG induced a mobility shift or Tpl2-p58 degradation (Fig. 2, A and B) . Furthermore, the lack of Tpl2 degradation in response to TLR3 or TLR9 ligation was independent of the ligand dose or type of CpG ODN used, since we did not observe any Tpl2-p58 mobility shift in response to a high dose of poly I:C or CpG or in response to class B CpG ODN (Fig. 2C) . Interestingly, no mobility shift or degradation of the Tpl2-p52 isoform occurred in response to any of these ligands. Consistent with previous studies (19) , all TLR ligands, including poly I:C and CpG, induced strong ERK1/2 phosphorylation in WT BMDMs by 60 min (Fig. 2B) , regardless of Tpl2 mobility shift or degradation. Notably, in WT BMDMs ERK phosphorylation by either CpG or poly I:C was delayed compared with that induced by Pam3CSK4, LPS, or R848 since it was evident at 60 min but not 15 min (Fig. 2, A and B) . Stimulation of WT BMDMs with poly I:C over a longer time course up to 2 h also did not lead to Tpl2 degradation, despite maximal ERK activation by 1 h that was comparable to that induced by LPS, followed by a decline in ERK activation by 2 h (Fig. 2D) . Consistent with an essential, non-redundant role for Tpl2 in activating ERK (19) , none of these ligands induced ERK1/2 phosphorylation in Tpl2-deficient BMDMs (Fig. 2B) . Thus, even though Tpl2-dependent ERK activation was observed following stimulation of all TLRs examined, only TLR2, 4, and 7 signaling induced Tpl2-p58 phosphorylation, degradation and early ERK1/2 activation. These findings demonstrate that Tpl2-p58 phosphorylation, degradation, and early ERK activation are restricted to a subset of TLRs.
Although Tpl2 signaling is essential for TNF␣ production in macrophages, previous studies have reported distinct requirements for Tpl2 in response to different pattern recognition receptors in a cell-type specific manner (15, 16) . To investigate whether differential Tpl2-ERK activation occurs in other cell types in a ligand-dependent manner, we assessed Tpl2-p58 shift and ERK phosphorylation in peritoneal macrophages (PMs), BMDCs, and pDCs. Similar to BMDMs, Tpl2-p58 mobility shift, degradation and ERK phosphorylation were observed in PMs in a stimulus-specific manner (Fig. 2E) . Interestingly, complete degradation of both p52 and p58 isoforms of Tpl2 was observed within 15 min in pDCs treated with R848 (Fig. 2E) . Similar to other cell types examined, CpG stimulation did not have any effect on Tpl2 in pDCs. In contrast, Tpl2-p58 mobility shift was not observed in BMDCs even upon LPS stimulation, despite early (15 min) ERK phosphorylation in response to both CpG and LPS stimulation (Fig. 2E) . Collectively these studies demonstrate that the differential degradation of Tpl2 isoforms observed in response to LPS versus poly I:C or CpG in BMDMs is recapitulated in both PMs and pDCs. However, they also reveal cell type-specific differences in Tpl2 activation.
Either the MyD88 or TRIF Adaptor Protein Is Required for Activation of Tpl2-ERK Pathway during TLR4 SignalingLigand binding to TLRs initiates recruitment of specific adaptor molecules necessary for intracellular signal transduction. All TLRs except TLR3 transduce signals via the MyD88 adaptor, whereas TLR3 utilizes the TRIF adaptor (1). TLR4 is the only TLR that can transduce signals via both MyD88 (from the plasma membrane) and TRIF (from endosomes) (1). Lack of Tpl2 p58 phosphorylation by either TLR3 or 9 was surprising, especially because these two TLRs utilize different adaptor proteins for downstream signaling. To further investigate the role of TLR adaptors in Tpl2-ERK activation, we used cells deficient in MyD88 or TRIF adaptor proteins. WT, myd88
, and ticam LPS2/LPS2 (23) BMDMs were stimulated with different TLR ligands, and immunoblotting was performed to assess Tpl2 degradation and ERK activation. Tpl2 degradation was absent in myd88 Ϫ/Ϫ macrophages in response to all TLR ligands tested except LPS, confirming the requirement for Myd88-dependent signaling in Tpl2-ERK activation during TLR2 and 7 signaling (Fig. 3A) . Similar to myd88 Ϫ/Ϫ cells, no impairment in Tpl2-p58 degradation was observed in ticam LPS2/LPS2 BMDMs in response to LPS (Fig. 3B) . This pattern of Tpl2 degradation by ligands was also mirrored by the Tpl2-p58 mobility shift observed at 15 min. (data not shown). Consistent with the absolute requirement for either the MyD88 or TRIF adaptor protein for downstream signaling from TLR4 (23), Tpl2 mobility shift, degradation, and ERK activation were completely abrogated in the myd88 Ϫ/Ϫ /trif Ϫ/Ϫ cells (Fig. 3C) . Thus, signaling via either TLR adaptor protein is necessary for activation of the Tpl2-ERK pathway by TLR4.
In myd88 Ϫ/Ϫ BMDMs, LPS signals only via the TRIF adaptor, similar to TLR3 (23) . Notably, we observed distinct capabilities of TLR3 and TLR4 to induce Tpl2 degradation in myd88 Ϫ/Ϫ BMDMs, suggesting the possibility for different Tpl2-dependent consequences of TRIF signaling by these two ligands. To evaluate TRIF-dependent responses we measured the production of the TRIF-regulated cytokine, IFN␤, in response to poly I:C and LPS. While IFN␤ levels were higher in Tpl2-deficient cells in response to LPS as previously reported (17), poly I:C-induced IFN␤ was significantly reduced in tpl2 Ϫ/Ϫ BMDMs compared with WT cells (Fig. 3D) . Therefore, despite the lack of Tpl2-p58 mobility shift or degradation, there was still evidence of Tpl2-dependent regulation of poly I:Cmediated responses, suggesting a different mode of Tpl2 activation in response to this ligand.
Activation of the Tpl2-ERK Pathway by TLR4 Requires CD14 and the Tyrosine Kinase Syk-CD14 is a cell surface pattern recognition receptor that binds directly to LPS and serves as a co-receptor, delivering LPS to TLR4. Similar to tpl2 Ϫ/Ϫ mice, cd14 Ϫ/Ϫ mice, as well as Heedless mice harboring a mutation in the cd14 gene, are defective in TNF␣ production and consequently resistant to LPS-induced shock (24, 25) . Importantly, CD14 co-receptor functions for TLR4 are dispensable at high LPS concentrations of greater than 100 ng/ml, and MyD88-dependent MAP kinase and NFB activation occurs normally in cd14 Ϫ/Ϫ cells (26) . To investigate the contribution of CD14 to Tpl2-ERK signaling, WT and cd14 Ϫ/Ϫ BMDMs were stimulated with TLR ligands, and Tpl2 activation was assessed. In contrast to WT cells treated with LPS, both phosphorylationinduced mobility shift and degradation of Tpl2-p58 were absent in cd14 Ϫ/Ϫ cells ( Fig. 3E and data not shown) . These results demonstrate that, despite normal MyD88-dependent signaling, the TLR4 co-receptor CD14 was required for Tpl2 activation and degradation in response to LPS. Consistent with the lack of Tpl2 activation, ERK phosphorylation was abrogated in cd14 Ϫ/Ϫ macrophages at earlier time points (data not shown), whereas similar levels of ERK phosphorylation were observed 1 h after stimulation (Fig. 3E) . This delayed ERK activation in the absence of Tpl2 degradation was reminiscent of the phenotype observed in WT BMDMs treated with TLR3 and 9 ligands, suggesting an inability of cd14 Ϫ/Ϫ BMDMs to induce early Tpl2-dependent ERK phosphorylation.
CD14-mediated TLR4 endocytosis depends on the enzyme PLC␥2 and the tyrosine kinase Syk (26) . Syk is known to regulate Tpl2 activation and release from NFB1p105 in response to TNF␣ (27) . Moreover, LPS-induced Syk phosphorylation is also CD14-dependent (26) . This prompted us to investigate whether Syk is involved in Tpl2 activation by TLR4. The wellcharacterized Syk inhibitor piceatannol blocked LPS-induced mobility shift of Tpl2-p58 as well as ERK phosphorylation in a dose-dependent manner (Fig. 3) . Notably, only early ERK phos- phorylation by LPS was regulated by Syk, as piceatannol did not block LPS-induced ERK phosphorylation at 1 h (data not shown). These data confirmed the significance of CD14-dependent Syk activation, in addition to MyD88/TRIF signaling, in the regulation of Tpl2-ERK signaling by TLR4.
Early Induction of Tpl2-ERK Signaling Correlates with IKK␤ Phosphorylation-One signaling event that regulates activation of Tpl2 and its release from inhibitory NFB1p105 is IKK␤ phosphorylation (5, 10) . To investigate whether the observed differences in phosphorylation and degradation of Tpl2-p58 were due to differential activation of IKK␤, we examined phosphorylation of IKK␤ and its downstream target IB␣ in response to various TLR ligands. Consistent with Tpl2-p58 degradation, only TLR2, 4, and 7 stimulation induced phosphorylation of IKK␤ early after stimulation (15 min) (Fig. 4A) . A reduction in IKK␤ mobility was also observed in response to the ligands that induced its phosphorylation. IKK␤ immunoprecipitation followed by Western blotting confirmed that IKK␤ was the IKK species being phosphorylated (data not shown). Since IKK␤ is also known to regulate NFB signaling, we examined whether NFB activation is also differentially regulated by diverse TLR ligands. The phosphorylation of NFB1-p105 as well as degradation of IB␣ were observed in both poly I:C-and CpG-treated cells, although with different magnitude and kinetics compared with LPS (Fig. 4B) . Moreover, NFB-p65 was almost exclusively localized to the nuclei in cells treated with both poly I:C and CpG, confirming their activation of NFB (Fig. 4C) . Notably, although poly I:C and CpG induced phosphorylation of IKK␤ by 30 -60 min (Fig. 4B) , we did not observe Tpl2-p58 mobility shift or degradation at later time points. Collectively, these findings support the conclusion that differential activation of IKK␤ by diverse TLRs controls early induction of Tpl2-ERK signaling.
IKK␤ phosphorylation in response to LPS was present in myd88 Ϫ/Ϫ and ticam LPS2/LPS2 cells, but absent in myd88 Ϫ/Ϫ / trif Ϫ/Ϫ and cd14 Ϫ/Ϫ BMDMs, demonstrating that either one of the adaptors as well as CD14 is required for IKK␤ activation (Fig. 4D and data not shown) . In addition, IKK␤ phosphorylation was significantly reduced in cells pretreated with the Syk inhibitor piceatannol (Fig. 4E) . Under these conditions, IB␣ degradation was not dramatically affected in piceatannol treated samples suggesting minimal off-target effects of the inhibitor (Fig. 4E ). These results demonstrate that IKK␤ is likely the convergence point through which TLR adaptor proteins, CD14 and Syk regulate the Tpl2-ERK pathway during TLR4 signaling.
TLR3 and 9 Activate ERK Indirectly via NADPH-oxidase-dependent
Autocrine ROS Signaling-To explain TLR3-and 9-induced ERK activation in the absence of Tpl2-p58 phosphorylation, we considered the possibility of Tpl2-dependent ERK activation by autocrine signaling. Both TLR3-and 9-mediated ERK phosphorylation were abolished when BMDMs were treated with the translation inhibitor cycloheximide (CHX), suggesting that new protein synthesis was required for ERK activation by these TLRs (Fig. 5A) . Since Tpl2 is also essential for TNF␣-and IL-1␤-mediated signal transduction leading to ERK phosphorylation (15), we investigated whether an indirect cytokine feedback loop via TNF␣ or IL-1 receptors was responsible for the delayed ERK activation observed in the absence of Tpl2 degradation. As expected, TNF␣ and IL-1␤ induced ERK phosphorylation in WT BMDMs (data not shown). However, unlike poly I:C or CpG, TNF␣, but not IL-1␤, also induced Tpl2-p58 degradation. Furthermore, neutralizing antibodies against TNF␣ and IL-1␤ did not inhibit delayed ERK phosphorylation in response to TLR3 and 9 ligands (data not shown). TLR3-and 9-induced ERK phosphorylation was also evident in ifnar1 Ϫ/Ϫ BMDMs as well as in BMDMs pretreated with pertussis toxin, demonstrating that neither type 1 interferons nor chemokines are responsible for the indirect ERK phosphorylation in response to TLR3 and 9 ligands (data not shown).
Inhibition of protein synthesis is known to inhibit accumulation of ROS and oxidative stress by increasing cellular glutathione concentrations (28) . In addition, several studies have demonstrated that ROS can induce activation of MAP kinases, including ERK (29, 30) . Because both poly I:C and CpG are known inducers of ROS (31, 32), we tested the possibility that ERK was phosphorylated via a ROS-dependent mechanism in BMDMs stimulated with these ligands. Indeed, ERK phosphorylation in response to both poly I:C and CpG was completely abrogated in BMDMs pretreated with the NADPH oxidase (NOX) inhibitor diphenyleneiodonium (DPI), demonstrating that activation of ERK by TLR3 and 9 is dependent on NOX activity (Fig. 5B ). Scavenging ROS with the antioxidant glutathione (GSH) also clearly reduced ERK phosphorylation in response to poly I:C and CpG, supporting the conclusion that autocrine ROS signaling is responsible for indirect, delayed ERK activation by TLR3 and 9 (Fig. 5C) . Although DPI can also inhibit nitric-oxide synthase, the involvement of nitric oxide (NO) in the autocrine signaling loop was excluded because expression of nitric-oxide synthase 2 (NOS2), a secondary response gene that drives NO production (33), was not induced in poly I:C-and CpG-treated cells during the 1 h stimulation (Fig. 5D) . If autocrine ROS signaling is responsible for ERK phosphorylation downstream of TLRs 3 and 9, then DPI treatment should also inhibit delayed ERK-dependent TNF␣ secretion observed in BMDMs treated with poly I:C and CpG (Fig.  1C) . Indeed, DPI treatment significantly decreased TNF␣ secretion in response to poly I:C and CpG, but not LPS (Fig. 5E) . Collectively, these data delineate a ROS-dependent autocrine loop that mediates ERK phosphorylation and TNF␣ secretion during TLR3 and 9 signaling.
Tpl2 Is Essential for ROS Production during TLR SignalingThe observation that inhibiting NADPH oxidase can abolish ERK phosphorylation in response to poly I:C and CpG was unexpected. Acidification of the endosomal compartment, a pre-requisite for both TLR3 and 9 signaling (34, 35) , is coupled to rapid induction of ROS (32) . Since ROS-mediated ERK phosphorylation is also Tpl2-dependent, it is necessary to determine whether Tpl2 regulates ROS production and/or signaling. The involvement of Tpl2 in ROS signaling was excluded since treatment with the oxidizing agent H 2 O 2 induced ERK phosphorylation in both WT and tpl2 Ϫ/Ϫ BMDMs (Fig. 6A) . Despite inducing strong ERK phosphorylation, H 2 O 2 did not induce Tpl2 degradation even at the non-physiological concentration of 10 mM (Fig. 6A) . Having demonstrated that Tpl2 is dispensable for ROS-induced ERK phosphorylation, we next sought to determine whether Tpl2 regulates ROS production during TLR signaling. To determine whether Tpl2 regulates the generation of intracellular ROS, we measured superoxide production in WT and tpl2 Ϫ/Ϫ BMDMs treated with various TLR ligands. As previously reported (31, 32, 36) , poly I:C, CpG and LPS all induced ROS production (Fig. 6, B and C) . As expected based on our previous results, superoxide generation in response to multiple TLR ligands was significantly less in Tpl2-deficient BMDMs compared with WT cells (Fig. 6, B and C) . In contrast, there was no intrinsic defect in the capacity of tpl2 Ϫ/Ϫ cells to generate ROS in response to phorbol myristate acetate (PMA), indicating a ligand-specific defect. This unanticipated role for Tpl2 in ROS production explains Tpl2-and ROS-dependent ERK phosphorylation observed during TLR3 and 9 signaling.
DISCUSSION
Activation of NFB and MAP kinases are key features of all TLR signaling pathways initiating a proinflammatory response Ϫ/Ϫ mice were treated with poly I:C, LPS, CpG ODN, or PMA, and superoxide production was measured by a lucigenin-based chemiluminescence assay. Kinetics (B) and integrated luminescence data (C) from three independent experiments are represented. Bars indicate mean Ϯ S.E. * indicates p Ͻ 0.05. (3) . In this study, we made several important discoveries regarding differential mechanisms activating a common inflammatory signaling cascade during TLR signaling as summarized in Fig. 7 . First, we demonstrated an indirect, delayed mechanism of ERK activation by a subset of TLRs that limits early innate responses, including early TNF␣ and IL-10 secretion, to TLR3 and TLR9 ligands. This pathway is distinguished by the lack of Tpl2-p58 phosphorylation and degradation despite evidence of NFB activation, including IB␣ phosphorylation and degradation, and despite Tpl2-dependent biological responses to these ligands. Second, we delineated an inflammatory pathway controlled by CD14 and the tyrosine kinase Syk in the activation of the IKK␤-Tpl2-ERK axis during TLR4 signaling. Third, we identified a ROS-dependent autocrine loop responsible for the delayed, indirect ERK phosphorylation during TLR3 and 9 signaling. Finally, we demonstrated the critical role of Tpl2 in ROS generation during TLR signaling.
Activation of ERK in response to diverse TLR ligands and the critical role of Tpl2 in transducing ERK activation signals are well documented (19) . Our results are in agreement with previous studies demonstrating that stimulation of all major TLRs induce Tpl2-dependent ERK activation in BMDMs. Consistent with the data reported by Kaiser et al., we observed delayed ERK phosphorylation in both CpG-and poly I:C-treated cells (17) .
We further linked this reduced ERK activation to lack of Tpl2 phosphorylation and degradation.
Conflicting reports regarding CpG-induced ERK phosphorylation in different cell types exist (17, 37, 38) . Our findings clarify a controversy and demonstrate that TLR3 and 9 signaling do not directly couple to ERK activation. Instead, the observed ERK phosphorylation by TLR3 and 9 is due to NADPH oxidase-dependent autocrine ROS signaling. The significance of ROS as second messengers during innate immune responses and in regulating the production of various inflammatory mediators is well appreciated (39) . For example, ROSdependent activation of MAP3K5/ASK-1 and MAP kinase p38 was shown to be necessary for TLR4 mediated innate responses (36) . In addition to ROS-mediated ERK phosphorylation during TLR3 and 9 signaling, our study identified Tpl2 as a critical regulator of ROS production during TLR signaling. The requirement of Tpl2 in ROS production may contribute in part to the defective induction of IL-1␤ in tpl2 Ϫ/Ϫ macrophages, since ROS is important for IL-1␤ expression in response to LPS (29) . The signaling events linking Tpl2 to NOX enzymes are currently unknown. Therefore, further studies are needed to determine the precise mechanisms by which Tpl2 regulates ROS production.
Tpl2-p58 mobility shift and degradation, while excellent predictors of Tpl2-dependent MEK/ERK activation, are poor indicators of overall Tpl2 biological activity. For example, Tpl2 is required for TNF processing and secretion in response to both poly I:C and CpG (Fig. 1C) , both of which fail to induce Tpl2-p58 phosphorylation-induced mobility shift, degradation or early ERK activation. Tpl2 is also required for normal IFN␤ production in response to poly I:C (Fig. 3D) . Similarly, IL-1␤ also utilizes Tpl2 to transduce signals, but fails to induce Tpl2-p58 degradation (data not shown). These findings raise the possibility of phosphorylation-independent functions for Tpl2-p58 or Tpl2-p52 isoforms in cell signaling. Thr 290 phosphorylation occurs only on the Tpl2 p58 isoform, whereas both p52 and p58 isoforms undergo phosphorylation on Ser 400 in LPS-treated macrophages (12) . Despite the fact that no functional differences between Tpl2-p58 and p52 have been reported so far, it is tempting to speculate that Tpl2-p52 transduces signals from receptors that do not induce IKK␤-mediated Thr 290 phosphorylation and p58 degradation, such as poly I:C, CpG, and IL-1␤.
Cell type-specific requirements for Tpl2 in transducing TLR signals have been demonstrated previously (15, 16) . However cell type-specific differences in Tpl2 phosphorylation is a novel finding. While LPS induced Tpl2-p58 Thr 290 phosphorylation and mobility shift in macrophages, a decrease in Tpl2-p58 mobility was not observed in BMDCs. This difference in Tpl2 activation could account for the partial requirement of Tpl2 for TNF␣ secretion in BMDCs compared with BMDMs (16) . Notably, cell type-specific differences between BMDMs and BMDCs in the requirement for CD14 during TLR4 signaling have been reported (26) . Unlike macrophages and BMDCs, both isoforms of Tpl2 were completely degraded in pDCs early after stimulation, further supporting the uniqueness of signaling pathways in pDCs (17) . In addition to a TLR adaptor protein, activation of this pathway by TLR4 requires the TLR4 co-receptor CD14 and the tyrosine kinase Syk. Active IKK␤ phosphorylates both NFB1 and Tpl2-p58 and leads to release of active Tpl2, which in turn induces MEK-dependent ERK activation prior to Tpl2-p58 proteosomal degradation. ERK signaling facilitates processing and secretion of TNF␣. TLR3 and 9 do not cause Tpl2-p58 phosphorylation-induced mobility shift, degradation, or early ERK activation. Instead, TLR3 and 9 induce delayed ERK phosphorylation via autocrine signaling by ROS, which is generated in a Tpl2-dependent manner. Consequently, TLR3 and 9 induce delayed secretion of innate TNF␣ compared with other TLRs.
CD14 is a GPI-anchored protein without intrinsic signaling potential (40) , however CD14 functions are necessary for Myd88-independent signaling by TLR4 (25) . In their elegant study demonstrating the role of CD14 in TLR4 endocytosis, Zanoni et al. commented that all LPS responses actually initiate with CD14 (26) . Our data confirming the necessity of CD14 in IKK␤-Tpl2-ERK signaling support their placement of CD14 as the "king of all LPS responses" although either one of the TLR adaptor proteins is also necessary for this response. An inflammatory endocytosis pathway regulated by Syk was proposed for endocytosed receptors like TLR4, Dectin-1 and Fc␥RI (26) . Interestingly, a recent study reported Tpl2-mediated ERK activation during Fc␥R signaling (41) . Thus, regulation of IKK␤-Tpl2-ERK signaling by CD14 and Syk supports the existence of this proposed inflammatory pathway.
Although differences in biological responses upon TLR7 and 9 stimulation have been reported (42, 43) , the molecular basis for these differences has remained enigmatic. Herein, we demonstrate the direct coupling of TLR7, but not TLR9, to the IKK␤-Tpl2-ERK signaling pathway. To our knowledge, differences between TLR7 and 9 signaling per se have not been demonstrated. This finding was surprising, as both of these endosomal TLRs transduce signals via the same MyD88 adaptor (44) . However, a recent study did report differences in UNC93B1-mediated trafficking of TLR7 and 9 (45) . Identification of discrete trafficking pathways suggests the possibility of distinct signaling compartments for TLR7 and 9 that may correlate with their activation of distinct signaling cascades and cellular responses. Since cell surface expression of TLR3 has been reported (46, 47) , a trafficking route similar to that of TLR9 was proposed for this receptor. Hence, the differential activation of the IKK␤-Tpl2-ERK pathway could correlate with the involvement of distinct signaling compartments for these endosomal TLRs.
In addition to the new insights into TLR signaling pathways, our findings have many implications regarding the role of Tpl2 in innate immune responses during infections. We and others have previously demonstrated the critical role of Tpl2 in host defense against intracellular bacteria like Listeria monocytogenes and Mycobacterium tuberculosis (16, 48) . Defective ROS production in tpl2 Ϫ/Ϫ mice may contribute to decreased bacterial clearance, increased susceptibility to infection or altered redox-sensitive signaling (39, 49) . In addition to its bactericidal functions, ROS is also required for RIG-I-mediated antiviral responses (50) . Moreover, direct and immediate activation of Tpl2 and ERK during TLR7 signaling suggests that Tpl2 is likely to play a preferential role in host defense against RNA viruses that trigger TLR7. In this regard, a recent study reported increased replication of vesicular stomatitis virus (VSV) in Tpl2-deficient mouse embryonic fibroblasts (51) . This is especially interesting because, in addition to TLR7, VSV is known to signal via the CD14-TLR4 axis, and increased replication of VSV was also reported in macrophages from CD14 mutant mice (25) . These findings suggest a role for Tpl2 in controlling virus replication and warrant further studies to assess the contribution of Tpl2 in antiviral host responses. Overall, our study provides a better understanding about key events that distinguish signal transduction by diverse TLRs and further underscores the significance of Tpl2 in eliciting host protective immune responses against diverse pathogens.
